Monomers of (tetrazol-5-yl)-acetic acid (TAA) were obtained by sublimation of the crystalline compound and the resulting vapors were isolated in cryogenic nitrogen matrices at 13 K. The conformational and tautomeric composition of TAA in the matrix was characterized by infrared spectroscopy and vibrational calculations carried out at the B3LYP/6-311++G(d,p) level. TAA may adopt two tautomeric modifications, 1H-and 2H-, depending on the position of the annular hydrogen atom. Twodimensional potential energy surfaces (PESs) of TAA were theoretically calculated at the MP2/6-311++G(d,p) level, for each tautomer. Four and six symmetry-unique minima were located on these PESs, for 1H-and 2H-TAA, respectively. The energetics of the detected minima was subsequently refined by calculations at the QCISD level. Two 1H-and three 2H-conformers fall within the 0-8 kJ mol −1 energy range and should be appreciably populated at the sublimation temperature (∼330 K). Observation of only one conformer for each tautomer (1ccc and 2pcc) is explained in terms of calculated barriers to conformational rearrangements. All conformers with the cis O=COH moiety are separated by low barriers (less than 10 kJ mol −1 ) and collapse to the most stable 1ccc (1H-) and 2pcc (2H-) forms during deposition of the matrix. On the trans O=COH surfaces, the relative energies are very high (between 12 and 27 kJ mol −1 ). The trans forms are not thermally populated at the sublimation conditions and were not detected in matrices. One high-energy form in each tautomer, 1cct (1H-) and 2pct (2H-), was found to differ from the most stable form only by rotation of the OH group and separated from other forms by high barriers. This opened a perspective for their stabilization in a matrix. 1cct and 2pct were generated in the matrices selectively by means of narrow-band near-infrared (NIR) irradiations of the samples at 6920 and 6937 cm −1 , where the first OH stretching overtone vibrations of 1ccc and 2pcc occur. The reverse transformations could be induced by irradiations at 7010 and 7030 cm −1 , transforming 1cct and 2pct back to 1ccc and 2pcc, also selectively. Besides the NIR-induced transformations, the photogenerated 1cct and 2pct forms also decay in N 2 matrices back to 1ccc and 2pcc spontaneously, with characteristic decay times of hours (1H) and tens of minutes (2H). The decay mechanism is rationalized in terms of the proton tunneling. In crystals, TAA exists exclusively as 1H-tautomer. By contrast, the tautomeric composition of the matrix-isolated monomers was found to consist of both 1H-and 2H-tautomers, in comparable amounts. A mechanistic discussion of the tautomerization process occurring during sublimation, accounting also for the observed minor decomposition of TAA leading to CO 2 and 5-methyl-tetrazole, is proposed.
INTRODUCTION
Tetrazoles are an important class of nitrogen-rich heterocyclic compounds that have a wide range of practical applications in fields such as medicine, agriculture, photography, and high-energy materials, among others. [1] [2] [3] [4] In addition to their practical uses, the annular tautomerism exhibited by tetrazole and its derivatives, as well as the conformational flexibility of their substituents, make them interesting molecules to investigate from a more fundamental point of view. In many cases, for each tautomer different conformers are possible, making them challenging molecules for research.
Tautomerism has been extensively studied in a great variety of azoles [5] [6] [7] [8] as well as in other similar systems, including tetrazoles. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] In these studies, the preference for a specific a) Author to whom correspondence should be addressed. Electronic mail: reva@qui.uc.pt tautomer or tautomers at different proportions, according to the physical state of the compound, has been established. In the case of the parent tetrazole, studies by various authors agree with the fact that the 1H-tautomer is the only form existing in the solid state. 23, 24 In solution, both 1H-and 2H-tautomers (Scheme 1) coexist in a percentage ratio where the amount of the most polar 1H-form increases in more polar solvents. 25, 26 Contrary to the solid phase, in the gas phase and for isolated molecules the 2H-tautomer is the predominant form (90% of the total population at 90
• C). [27] [28] [29] Whereas the influence of the physical state on the predominance of a particular tautomeric form in diverse tetrazolic compounds has been confirmed theoretically and experimentally, the mechanisms determining such behavior are not yet well understood. 15 Among diverse mechanistic models suggested to explain this phenomenon, the assisted tautomerization mechanism appears as the best theoretically supported model to rationalize the experimental findings. [30] [31] [32] [33] [34] [35] [36] [37] Assisted 1H-tetrazole 2H-tetrazole SCHEME 1. Tautomeric forms of tetrazoles. In the case of tetrazole acetic acid (TAA), R=CH 2 COOH. The atom numbering adopted in this work for TAA is presented in Tables S1 and S2. tautomerization is based on a double proton transfer mechanism between two monomers stabilized by two intermolecular hydrogen bonds (Scheme 2). The energy barriers to tautomerization through a double proton transfer are generally lower than those for unimolecular tautomerization (i.e., values below 50 kJ mol −1 for assisted tautomerization vs. values above 150 kJ mol −1 for unimolecular tautomerization). 13, 14, 36 The subject of this study, (tetrazol-5-yl)-acetic acid (TAA), is an interesting molecule from both theoretical and experimental points of view. On one hand, it may exhibit tautomerism associated with the position of the annular hydrogen atom. On the other hand, the flexibility of the −CH 2 COOH group attached to the tetrazole ring C atom may result in several interesting structures from the conformational viewpoint.
The structure of TAA in the solid state has been recently studied by Pagacz-Kostrzewa et al. 38 The combination of infrared spectroscopy, X-ray diffraction and theoretical calculations led to the conclusion that, in the solid state, TAA exists exclusively as the 1H-tautomer.
One of the main objectives of the present work is spectroscopic identification and characterization of the tautomeric forms of TAA existing in the gas phase. We addressed this question by using the technique of low temperature matrix isolation, coupled to infrared probing. In a matrix isolation experiment, the molecules of the studied compound are trapped from the gas phase in a rigid environment of a solidified inert gas, at cryogenic temperatures (usually within the 10-15 K range). The structures of the trapped molecules are then characterized spectroscopically. 
1H-dimer
2H-dimer SCHEME 2. Assisted tautomerization mechanism of tetrazoles, based on the double proton transfer.
When the studied compound may exist as a mixture of different conformers and/or tautomers (as it is the case of TAA), there is an additional approach facilitating the reliable characterization of selected conformational structures. In this approach, in situ vibrational excitation using narrowband laser light, tuned at a vibrational transition of a chosen conformer, consumes that form, which undergoes a conformational isomerization, while the populations of the other conformers remain intact. 39, 40 As described in detail below, this strategy was applied successfully in this study to produce high-energy conformers of TAA, whose populations in the gas phase are negligible.
In order to support the experimental observations, theoretical calculations were conducted at a convenient level of theory (B3LYP, MP2, and QCISD) to estimate the structures of the TAA conformers, their relative energies, and several spectroscopic properties.
EXPERIMENTAL AND COMPUTATIONAL METHODS

Materials
A crystalline sample of tetrazole-5-acetic acid (purity 96%), commercially available from Sigma-Aldrich, and nitrogen gas (Air Liquide, N60 purity) were used in this study. 5-Methyltetrazole (purity >98%) was obtained from TCI Europe.
Matrix isolation
In order to obtain the low-temperature matrices, a solid sample of TAA was sublimated (at ∼330 K) using a miniature glass oven placed in the vacuum chamber of the cryostat. The vapors of the compound were then deposited, simultaneously with a large excess of nitrogen gas, onto a cold (13 K) CsI substrate. The temperature of the CsI window was measured directly by a silicon diode sensor, connected to a digital controller (Scientific Instruments, model 9650-1), and stabilized with an accuracy of 0.1 K. In all experiments, an APD Cryogenics closed-cycle helium refrigeration system with a DE-202A expander was used.
FTIR spectroscopy
The mid-IR spectra (4000-400 cm −1 ) were recorded with a resolution of 0.5 cm −1 , using a Thermo Nicolet 6700 Fourier transform infrared spectrometer, equipped with a mercury cadmium telluride (MCT-B) detector and a Ge/KBr beamsplitter. The near-IR spectra were recorded in the 7500-2000 cm −1 range with a resolution of 1 cm −1 , using the same detector and a CaF 2 beamsplitter. In order to avoid interference from atmospheric H 2 O and CO 2 , a continuous flux of dry air was used to purge the system.
Near-infrared laser irradiation experiments
Monomers of TAA isolated in an N 2 matrix were irradiated using narrowband (fwhm 0.2 cm −1 ) tunable near-IR light of the idler beam of a Quanta-Ray MOPO-SL optical parametric oscillator pumped with a pulsed Nd:YAG laser (pulse energy 10 mJ, duration 10 ns, repetition rate 10 Hz).
Theoretical calculations
Two-dimensional (2D) relaxed potential energy surfaces (PES) of TAA were constructed at the standard MP2/ 6-311++G(d,p) level of theory. The geometries of the local minima found were optimized using the TIGHT convergence criteria, and their harmonic vibrational frequencies were calculated at the same level of theory. The nature of stationary points was confirmed by the analysis of the corresponding Hessian matrices. Geometry optimizations and vibrational calculations were also performed at the B3LYP/ 6-311++G(d,p) and QCISD/6-31++G(d,p) levels of theory, as implemented in GAUSSIAN 09. 41 The harmonic vibrational frequencies calculated at the B3LYP/6-311++G(d,p) level were scaled by 0.978 (below 2500 cm −1 ) and by 0.946 (above 2500 cm −1 ) and used in the analysis of experimental IR spectra. The 0.978 scaling factor (below 2500 cm −1 ) is typical and provides an excellent agreement between the theory and experiment in this region. [42] [43] [44] The 0.946 scaling factor (above 2500 cm −1 ) is lower than usually employed for this level of theory. [45] [46] [47] The molecules isolated in cryogenic nitrogen matrices usually exhibit OH and NH stretching vibrations at lower frequencies, as compared to the same molecules isolated in an argon matrix. Several examples can be found in literature: squaric acid (N 2 and Ar), 39 alanine (N 2 ), 40, 48 alanine (Ar), 48, 49 and 5-methyltetrazole (N 2 and Ar, Figure S1 ). In the present work the factor of 0.946 was obtained specifically for the TAA monomers isolated in an N 2 matrix, by the least-squares linear fit of the experimental versus calculated frequencies of the OH stretching vibrations.
The theoretical frequencies, together with the calculated infrared intensities, were used to simulate the spectra shown in the figures. In these simulations, the absorptions were broadened by Lorentzian profiles (fwhm = 5 cm −1 ) and centered at the calculated (scaled) frequencies using the Chemcraft software (version 1.6). 50 Note that the peak intensities in the simulated spectra (shown in units of "relative intensity") correspond to the calculated infrared intensities (in km mol −1 ).
RESULTS AND DISCUSSION
Potential energy surface of TAA Knowledge of the potential energy landscape of TAA permits to estimate the conformational composition of the equilibrium TAA vapor and to anticipate which of these forms may be effectively trapped in the cryogenic matrices. As mentioned before, tetrazoles exist in general as the 1H-tautomer in the condensed state, 51 but adopt predominantly the 2H-tautomeric form in the gas phase. 52 This has been confirmed by many experimental observations. 13, 29 Therefore, a detailed structural theoretical characterization has been carried out in this study for both 1H-and 2H-tautomers of TAA. As it is shown below, for this molecule both tautomers were indeed experimentally observed in this work.
The conformational flexibility of TAA relies on its three relevant dihedral angles, N1−C5−C−C, C5−C−C=O and O=C−O−H, which may adopt different orientations by means of internal rotation around the C5−C6, C6−C7, and C−O single bonds. The O=C−O−H dihedral angle adopts only the cis-and trans-arrangements (from here on, denomination as cis-and trans-will be related with the arrangement of the O=C−O−H dihedral angle). The relevant orientations of the other two dihedral angles will be discussed in detail below. The unique names given here to each TAA form consist of a number (1 or 2), indicating the tautomeric form (1H-or 2H-), and three letters indicating the conformation around the C5−C6, C6−C7, and C−O bonds (c, cis; p, perpendicular; t, trans).
Two-dimensional (2D) PES scans for 1H-and 2H-TAA, in both the cis-and trans-configuration of the carboxylic moiety, were performed as function of the N1−C5−C−C and C5−C−C=O dihedral angles. These angles were incrementally fixed with steps of 20
• , while all remaining parameters were fully optimized. Figures 1 and 2 show the 2D contour maps of the four resulting PES scans calculated at the MP2/6-311++G(d,p) level. From the 2D maps of the 1H-tautomer (Figure 1) , it was possible to identify four different minima, which we named as 1ccc, 1ctc, 1ttt, and 1cct in the increasing energy order. Each of these minima belongs to the C 1 symmetry point group and has a symmetry-equivalent counterpart. For the 2H-tautomer, six different minima could be identified (Figure 2 ): 2pcc, 2pt c, 2ptc, 2ptt, 2pt t, and 2pct (also presented here in the increasing order of energy). The ten structures corresponding to these minima were also optimized at B3LYP/6-311++G(d,p) and QCISD/6-31++G(d,p) levels of theory. The optimized structures at MP2 level are depicted in Figure S2 (supplementary material), 78 and their relative energies obtained at the different levels of theory used are provided in Table I .
As shown in Table I , the conformers with the trans O=C−O−H orientation (1ttt, 1cct for 1H-and 2ptt, 2pt t, 2pct for 2H-) have relative energies higher than the respective cis-conformers by more than 15 kJ mol −1 (QCISD values). Therefore, they must have negligible populations at the sublimation temperature (see Table I ) and are expected not to be present in the freshly deposited matrix samples. On the other hand, all conformers with the cis O=C−O−H orientation (in both 1H-and 2H-tautomers) fall in the energy range 0-8 kJ mol −1 and can be expected to have non-negligible populations in gas phase at the sublimation temperature used in the present experiments. However, it is well-known that the possibility for higher-energy conformers to be trapped in a cryogenic matrix depends on the barriers separating them from lower-energy forms. If such barriers are low enough (<10 kJ mol −1 ), the higher energy forms cannot be trapped in lowtemperature matrices, because they will promptly relax into the lower energy counterparts during matrix deposition. This effect is known as conformational cooling and has been described thoroughly in Refs. 53 and 54. In the case of TAA, already a quick glance at the 2D-surfaces shown in Figures 1 and 2 reveals that the barriers for interconversion between cis-conformers are low enough and that conformational cooling shall indeed take place during matrix preparation. In order to examine this point in more detail, we computed one-dimensional (1D) potential energy profiles for both TAA tautomers at cis configuration (see Figure 3 ). The analysis of the energy barriers for 1H-forms suggests that conformer 1ccc shall be the only form subsisting after trapping of the compound into the solid nitrogen matrix, assuming that at the condensation temperature conformer 1ctc can surpass the energy barrier of 9 kJ mol −1 for the 1ctc → 1ccc conversion (see Figure 3 , bottom).
In the same way as for the 1H-tautomer, the inspection of the barrier heights for the 2H-forms indicates that conformer 2pcc is expected to be the only 2H-form present in the matrix, because the energy barriers for both the 2ptc → 2pcc transfor- mation and 2pt c → 2pcc conversion via 2ptc are lower than 4 kJ mol −1 (see Figure 3 , top). Therefore one can expect that conformers 1ccc and 2pcc are the sole conformers present in the low temperature matrix after deposition.
The MP2 optimized structures of conformers 1ccc and 2pcc are presented in Figure 4 . The 1ccc conformer is considerably more stable than the second cis conformer of 1H-TAA (1ctc) because in 1ccc there is an NH · · · O=C intramolecular H-bond, which is considerably stronger than that existing in 1ctc (of the NH · · · OH type), 55, 56 and also because the cis arrangement of the C-C-C=O fragment is energetically more favorable than the trans. 57 Note that in all conformers of the 1H-tautomer of TAA the carboxylic group is nearly placed in the same plane of the tetrazole ring. In the two high-energy trans carboxylic acid 1H-forms intramolecular H-bonds are also present: a strong OH · · · N bond in 1ttt, and a weak NH · · · O=C bond in the highest energy conformer, 1cct. On the other hand, in all conformers of the 2H-tautomer the tetrazole ring and the carboxylic group are nearly perpendicular. This occurs to minimize the repulsions between the lone pairs of the ring nitrogen atoms vicinal to the substituent and the lone pairs of the oxygen atoms of the latter. The more deviated structures from perpendicularity of the two rings correspond to forms 2ptt and 2pt t, which bear an intramolecular H-bond of type OH · · · N. Among the 2H-cis carboxylic conformers, 2pcc is the lowest energy form because it exhibits the preferred cis arrangement of the C-C-C=O fragment, 57 while the remaining two forms exhibit a nearly trans configuration of this moiety.
Experimental infrared spectrum of matrix-isolated TAA
Deposition of TAA in the N 2 matrix was carried out as described in the Matrix Isolation section. In the course of sample deposition, the compound was sublimated by resistive heating (at a temperature ∼330 K). During this process, a partial decomposition of TAA was detected, by observing in the infrared spectrum the characteristic bands of CO 2 and further bands ascribable to 5-methyltetrazole (5-MeT). To confirm the nature of the second decomposition product, a separate dedicated experiment was carried out on an authentic sample of 5-MeT isolated in an N 2 matrix. The mechanism of decarboxylation process (C 3 H 4 N 4 O 2 → C 2 H 4 N 4 + CO 2 ) will be addressed later in more detail. Figure 5 shows the 1800-600 cm −1 region of the experimental infrared spectrum of TAA in an N 2 matrix at 13 K, together with the spectrum of 5-MeT isolated under the same conditions. The major intensity bands due to 5-MeT FIG. 5 . (a) Simulated infrared spectra of 2pcc (blue) and 1ccc (green) conformers of TAA in equal amounts. In the simulation, the B3LYP/ 6-311++G(d,p) calculated frequencies were scaled by 0.978 and broadened by Lorentzian profiles with fwhm = 5 cm −1 ; (b) experimental infrared spectra of TAA (black) and of 5-methyl-tetrazole (red) isolated in nitrogen matrices at 13 K in separate experiments (shifted along ordinate for clarity). Asterisk indicates a band due to matrix-isolated water impurity. The vertical arrow shows the δOCO band due to the matrix-isolated CO 2 formed along with 5-MeT.
(especially those at 608 and 690 cm −1 ) can be reliably identified as low intensity bands in the spectrum of the matrix prepared from TAA. It shall be noticed that, even upon consideration of the 5-MeT absorptions present in the spectrum of the matrix isolated TAA, this spectrum exhibits roughly twice the number of bands comparing to what could be expected for a single structure of this molecule. In the lower frame of Figure 5 , the simulated spectra of conformers 1ccc and 2pcc are depicted. The individual contribution of each conformer can be easily identified in the spectrum of matrix-isolated TAA. On the other hand, in accord with the theoretical predictions, no evidence of presence of other forms of TAA was found in the experimental spectra. Table II shows the proposed band assignments for both observed conformers of TAA.
Many bands in the experimental spectrum of TAA appear split in components and/or broadened. There are a priori several possible reasons for splitting of bands in the spectra of matrix-isolated compounds. Different conformations usually give rise to splitting that amounts to tens of wavenumbers (10-20 cm −1 ). This is the case, for example, for the pairs of bands appearing in the spectrum of matrix-isolated TAA at 1788.6/1761.5 and 1142.9/1154.0 cm −1 , ascribed to 2pcc and 1ccc, respectively (see Figure 5 ). Splitting in the order of a few wavenumbers is, in general, display of the same conformer being isolated in different matrix local environments (matrix-site splitting). 39, 40 Such effect justifies most of the observed fine-structure splittings observed in the spectrum of TAA, and is discussed in detail in the Matrix Annealing Experiments section. Finally, we should comment here on the broad profiles exhibited by several bands. Broad bands sometimes indicate aggregation between the matrixisolated molecules. 58 However, broad bands may also appear in the spectra of well isolated samples, along with very narrow bands. The band broadening in this case is usually associated with vibrations along shallow potential energy profiles that result in large amplitude vibrations. 42, 59, 60 Analysis of Figure 1 shows that conformer 1ccc has a very shallow potential energy profile for internal rotation along the CCC=O and, especially, NCCC dihedral angles. The carboxylic group in 1ccc is slightly distorted from the tetrazole ring plane (Figure 4) , and this conformer may undergo large variations of geometry, keeping a low internal energy (Figure 1, top) . This should be (and is) reflected in its infrared spectrum.
Matrix annealing experiments
Annealing of the samples was an additional tool used in the present study to confirm the different nature of the band splitting in the experimental spectra. In the current work, the temperature of the TAA matrix was gradually increased, in steps of 2-3 K, and changes in the structure of the sample were followed spectroscopically. The important changes occurred after heating to 24 K. They manifested themselves in a noticeable redistribution of intensities within several multiplet bands that exhibit components differing by only a few wavenumbers. The effect of sample annealing could be identified over the entire mid-IR range ( Figure S3 ) through the decrease or disappearance of some bands, with a simultaneous increase of others. For example, in the OH stretching region (Figure 6 ), the shoulder at 3557 cm −1 disappears while the band at 3553 cm −1 increases. The observed changes result from conversion between different matrix sites. During heating of the sample, the less favorable local environments may undergo structural relaxation, related with low energy barriers (a few kJ mol −1 ), and the component bands due to less stable local environments of a given conformer shall disappear or substantially reduce their intensities, in favor of the band components due to more stable local environments. Interestingly, the observed siteconversions concerned only the bands due to the 2H-tautomer, thus appearing as additional useful information in the assignments of the bands due to each tautomer. As expected, the changes were observed to be irreversible. Re-cooling of the matrix down to 13 K after disappearance of the bands due to less stable packing sites of the 2H-form (at 24 K) did not lead to any further spectral changes.
Note that the interpretation of the changes observed upon annealing of the matrix as being matrix-site conversion is beyond any question. Conversion between the two tautomers of TAA is not possible in the matrix conditions: the QCISD calculated energy barriers for 1H ↔ 2H unimolecular tautomerization in TAA are above 200 kJ mol −1 (see Table III ), which is in fact high enough to prevent tautomerization not only under cryogenic conditions, but even at the sublimation temperature used in this work (∼330 K). On this basis, the isolated 1H-TAA and 2H-TAA tautomers must be treated as independent species. On the other hand, conformational conversion within each tautomeric form could also be easily eliminated, because the vibrational signatures of the two initially present conformers (2pcc and 1ccc) were known and no other conformers can be produced from these two forms upon annealing, because 2pcc and 1ccc correspond to the most stable conformer of each tautomer. Tables S1 and S2 in the supplementary material  78 for the definition of  internal coordinates and Tables S3 and S4 for the normal mode analyses of the TAA conformers 1ccc and 2pcc. d Bands corresponding to less stable sites of the 2H-tautomer.
Narrowband near-IR generation of higher-energy conformers of TAA
In matrix-isolation experiments involving conformationally flexible molecules, if the high-energy forms are not populated in the gas phase equilibrium at the sublimation temperature, they cannot be trapped in the cryogenic matrix. However, in some cases, such high-energy forms can be generated in the matrix-isolated samples by using near-IR vibrational excitation in situ, in particular when the molecules possess an OH fragment, 61, 62 which can be used as antenna for introduction of a substantial amount of energy into the molecule through vibrational pumping of the OH stretching first overtone, as is the case of TAA. It is important to note here that the vibrational excitation of molecules in their ground electronic states, at frequencies around 7000 cm −1 (a typical value for pumping of an OH stretching first overtone), is related with excess energies of up to 84 kJ mol −1 , and cannot result in cleavage of covalent bonds and tautomerization. At the same time, these energies are sufficient for overcoming barriers for conformational isomerization and, hence, new higher-energy conformers may be generated. If these higher-energy forms are separated from other forms by relatively high energy barriers, they may be stabilized and characterized both structurally and spectroscopically. Especially efficient stabilization of high energy conformers was shown to take place for molecules isolated in solid nitrogen, 63, 64 and that is the reason why nitrogen was chosen as the matrix host in the present experiments.
An interesting feature of the calculated potential energy surfaces for both tautomers of TAA (Figures 1 and 2) is that the lowest energy conformers, 1ccc and 2pcc, are "vertically" connected via internal rotation of the O−H group with their 1cct and 2pct higher-energy counterparts. Figure 7 shows the calculated potential energy profiles for such rotation in both tautomers. The related barriers of ∼30 kJ mol −1 for FIG. 6 . The OH stretching region of the experimental IR spectra of TAA isolated in an N 2 matrix, recorded at 13 K before (blue) and after (red) annealing up to 24 K. The arrows show directions of changes upon annealing.
Other regions of these spectra are shown in Figure S3 of the supplementary material. 78
1cct → 1ccc and 2pct → 2pcc conversions are high enough to expect the stabilization of both 1cct and 2pct forms in the matrix, once they can be produced in situ by vibrational excitation of their more stable precursors (1ccc and 2pcc, respectively). The conformational isomerizations may be induced selectively, provided the near-IR excitation is induced by a narrow-band light and is tuned to coincide with the overtone frequency of a given conformer. The overtones spectral region of matrix-isolated TAA is presented in Figure 8 and 6780-6730 cm −1 ranges. The shape of the overtone bands resembles very much the absorptions in the range of the fundamental absorptions due to the OH and NH stretching vibrations (Figure 8(b) ). In the latter region, the two multiplet bands around 3550 and 3440 cm −1 are due to the O−H and N−H stretching modes, respectively. According to the simulated spectra of 2pcc and 1ccc conformers (Figure 8(a) ), the bands corresponding to the 1H conformer exhibit a shift to lower frequencies from the position of the bands due to conformer 2H. Note that, besides the bands ascribed to TAA, an additional band due to the N−H stretching vibration of 5-MeT appears at 3455 cm −1 . This observation further confirms the assignment of the low frequency range bands to the N−H stretching modes, because 5-MeT has an NH group but does not have any OH group. The same reasoning may be applied to undertake the assignment of the overtones region, where a band due to the N−H overtone of 5-MeT is also observed (see Figure 8(c) ).
Because the absorptions observed in the near-IR overtones region are much broader than the bandwidth of our irradiation source (less than 1 cm −1 ), we were able to explore the effect of different irradiations on the sample by tuning the near-infrared beam at slightly different positions within the broad overtone absorptions. The irradiations in the 6780-6730 cm −1 range (2νNH overtone band) did not result in any spectral changes. However, when the samples were irradiated in the 6950-6900 cm −1 range (2νOH overtone band), the rotamerization processes started to occur.
Two frequencies were found to correspond to optimal spectral positions to induce selective transformations of the 2pcc and 1ccc conformers into their higher-energy counterparts (2pct and 1cct). The first irradiation of the sample was performed at 6937 cm −1 , which corresponds to the highest wavenumber component of the 2νOH overtone band (blue arrow in Figure 8 (c)), and a subsequent irradiation was carried out at 6920 cm −1 , the middle component of this broad band (green arrow in Figure 8(c) ). The changes induced in the sample by the near-IR irradiation were probed by monitoring the mid-IR spectrum, especially analyzing changes in the O−H and C=O stretching regions where the strongest IR absorptions appear ( Figure 9 ).
As shown in Figure 9 , as result of the near-IR irradiation at 6937 cm −1 , the 3553 (νOH) and 1788 cm −1 (νC=O) bands due to conformer 2pcc were selectively consumed, while new bands due to a photoproduct simultaneously emerged in the IR spectrum at 3597 and 1811 cm −1 . These new bands were assigned to the νOH and νC=O modes of the photogenerated 2pct conformer. Other relatively intense bands attributed to 2pct conformer were observed in the IR spectrum at 1338 (wag CH 2 ); 1282/1277 (δOH), 1155 (νC−O), and 481 (τ OH) cm −1 . These assignments were supported by theoretical calculations for the 2pct conformer at the B3LYP and MP2 levels (see Table V) .
Following the near-IR induced generation of the 2pct conformer, we induced its reverse transformation (back to 2pcc). For this purpose, we adopted a methodology similar to that used to produce it, this time irradiating the sample with near-IR light tuned at the 2νOH overtone of 2pct, at 7030 cm −1 . The result of this irradiation was an almost complete consumption of the bands attributed to the 2pct conformer, and the simultaneous recuperation of the bands due to conformer 2pcc (e.g., at 3553 cm −1 ). During all the irradiations at 6937 cm −1 and 7030 cm −1 , affecting the conformational populations within the 2H-TAA tautomer, the bands due to 1ccc remained unchanged. In a similar way, along the next series of near-IR irradiations (at 6920 cm −1 ), the bands due to tautomer 2H-did not change, while those attributed to 1ccc conformer (e.g., bands in the νOH region at 3543/3540 cm −1 and in the νC=O region at 1761 cm −1 ) were partially consumed, and new bands at 3588 (νOH) and 1805 (νC=O) cm −1 appeared in the spectrum ( Figure 9 ). These new emerging bands (and also at 1396, 1365, 1306, 1286/1276/1267, 486 cm −1 ) are ascribable to the most energetic 1H conformer, 1cct (see Table IV for assignments). FIG. 9 . Experimental (black) and simulated (green, blue) difference spectra of TAA in the O−H/N−H (left) and C=O (right) stretching regions. The experimental difference spectra were obtained by the subtraction of the spectra recorded before and after the irradiation of matrices at 6937 cm −1 (bottom) or 6920 cm −1 (top). Growing bands are showing upward, and they are due to the higher energy forms of TAA generated upon near-IR irradiation of the lower energy forms (represented by the negative bands). The simulated difference spectra were produced by the subtraction of the theoretical spectra calculated at the B3LYP/6-311++G(d,p) level for higher (trans) and lower (cis) energy forms of 1H-(green, [1cct − 1ccc]) and 2H-(blue, [2pct − 2pcc] ) tautomers of TAA. See Tables IV and V for all observed bands of the photoproducts. See Tables S5 and S6 in the supplementary material 78 for the normal mode analyses of the TAA conformers 1ccc and 2pcc. Table S5 in the supplementary material 78 for the normal mode analysis of the 1cct conformer.
TABLE V. Experimentally observed wavenumbers (ν/cm −1 ) of the photoproduct generated upon near-IR irradiation at 6937 cm −1 of TAA isolated in an N 2 matrix at 13 K, compared with wavenumbers (ν/cm −1 ) and absolute intensities (A th /km mol −1 ) of the 2pct conformer of TAA calculated at the MP2 and B3LYP levels with the 6-311++G(d,p) basis set. Table S6 in the supplementary material 78 for the normal mode analysis of the 2pct conformer. As for 2H-tautomer, the reverse near-infrared induced 1cct → 1ccc transformation was also investigated. We found that irradiation at 7010 cm −1 (i.e., at the 2νOH overtone position of the 1cct conformer) was the optimal wavenumber to induce the depletion of 1cct form.
In conclusion, the presented results demonstrate that near-IR laser excitations of conformers 2pcc and 1ccc of TAA to their first νOH overtones induce selective generation of the higher-energy conformers 2pct and 1cct, respectively, and vice versa. This 2 × 2 conformational system then represents an interesting case of an optically controllable two-bit molecular switch.
It is instructive to comment on the shifts observed for the νOH and νC=O frequencies of the high-energy trans conformers with respect to the frequencies of their more stable cis forms. This phenomenon has been described before, for example, for L-alanine, formic and acetic acids, 65 and has been attributed to the disruption of the bond-dipoles' stabilizing intramolecular interaction in the cis O=C−O−H moiety (nearly anti-parallel alignment of the O-H and C=O bond dipoles), resulting in shortening of the O-H and C=O bonds in the trans O=C−O−H arrangement. Indeed, upon cis → trans isomerization, the MP2 calculated O-H bond lengths decrease for both tautomers (from 96.85 pm in 2pcc to 96.38 pm in 2ptc and from 96.95 pm in 1ccc to 96.40 pm in 1cct), the same being predicted also in case of the C=O bond, which shortens from 120.74 pm in 2pcc to 120.12 pm in 2ptc and from 121.39 pm in 1ccc to 120.77 pm in 1cct.
Spontaneous decay (by tunneling) of the high-energy conformers of TAA
For several molecules containing a carboxylic group, and where high-energy conformers could be successfully produced in situ in cryogenic matrices by near-IR pumping of a lower energy precursor conformer, it has been observed that back-isomerization can take place spontaneously in the dark, by tunneling. 57, [66] [67] [68] [69] [70] [71] In the present study, we have also investigated this possibility for TAA.
For this purpose, evolution of the absorption bands ascribed to the high-energy conformers 2pct and 1cct (generated in situ) was monitored as a function of time. The infrared spectra were collected with intervals of 3 min after ceasing the near-IR irradiation. Two series of such monitoring were carried out: (1) the sample remained exposed to the infrared source (mid-IR + near-IR) of the spectrometer and (2) the sample was kept protected from the higher-frequency infrared light, by using a bandpass filter not transmitting light with wavenumbers above 2200 cm −1 , placed between the spectrometer source and the sample. The filter was used to avoid excitation of the molecules to their first νOH vibrational excited state (3597 and 3588 cm −1 for the photoproduced 2pct and 1cct) which in terms of energy (∼43 kJ mol −1 ) is about 13 kJ mol −1 higher than the estimated interconversion barriers ( Figure 7 ) towards their lower energy forms. Under both conditions used, the higher-energy conformers were found to relax to their low-energy precursors. Moreover, our observations indicate that there is no significant difference between the relaxation times with or without filter. However, the relaxation times depend on the local matrix environments. Characteristic half-life times for depopulation of the high energy 2H-conformer (2ptc) were found to be ∼20 and ∼30 min (in different trapping sites), and on the order of hours for the 1H-(1cct) conformer (see Figure 10) .
Note that under the present experimental conditions, that is in a matrix at 13 K, the observed isomerizations could never occur by the classic thermal mechanism (over-the-barrier), because the observed isomerizations face barriers as high as 30 kJ mol −1 (see Figure 7) . Furthermore, if the thermal isomerizations were possible and the relaxation of the higherenergy forms followed the lowest-energy paths, then conformers 2pct and 1cct should have been transformed to 2ttt or 2ctt (for the 2H-tautomer), or 1ttt (for the 1H-tautomer), because the energy barriers for these processes are less than 10 kJ mol −1 (see Figures 1 and 2) . However, these processes involve changes in the positions of heavy atoms and their occurrence under the present experimental conditions was not observed. Such isomerizations are hindered due to the spatial constraints induced by the rigid matrix environment.
Hence, the observed isomerizations, which imply reorientation of only one light particle (H atom), occur via the tunneling mechanism.
Mechanistic discussion of tautomerization of TAA
In a previous X-ray structural study of TAA, it was demonstrated that this molecule in the crystals adopts solely the 1H-tautomeric form. 38 However, the present work clearly shows that monomers of TAA frozen in a cryogenic matrix assume both 1H-and 2H-tautomeric forms. The monomeric molecules arrive to the matrix support from the compound vapor obtained during the sublimation process. In the present study, this sublimation process involved a very moderate heating, only slightly above room temperature (330 K). At such temperature, the tautomerization over a barrier of the order of 200 kJ mol −1 (as predicted for the unimolecular process) cannot occur on the time scale of the experiment. The Decarboxylation of TAA, observed in the present work, at such moderate heating, does also look unusual. Previously studied carboxylic acids such as pyruvic, 72 glycolic, 73, 74 and aminoacids, such as glycine 75, 76 and alanine, 49 for example, do not undergo decarboxylation, even if subjected to sublimation at considerably higher temperatures.
A mechanistic proposal, explaining observation of the 2H-tautomer by sublimation of the TAA crystal composed solely of the 1H-form, is provided here, which simultaneously accounts for the observation of the decarboxylation process in TAA upon sublimation at mild conditions.
As mentioned in the Introduction section, tetrazoles may undergo tautomerization by the "assisted" mechanism, involving simultaneous double proton transfer in dimers (see Scheme 2). However, in order to make possible such mechanism, the molecules of tetrazoles should be packed in the solid state in an anti-parallel fashion (note the directions of the C-R bonds in the dimers shown in Scheme 2). The topology of crystal packing for TAA does not follow this pattern. All TAA monomers in the crystal are packed in the "head-to-tail" fashion ( Figure 11 ). In this case, for any two neighboring TAA molecules in the crystal, no simultaneous proton transfer can be conceived so that two 1H-tautomers transform simultaneously into two 2H-tautomers. Here, we suggest an alternative tautomerization mechanism for TAA, which could take place during sublimation of 1H-TAA crystals.
According to the experimental X-ray structure of TAA, the 1H-molecules are organized into infinite chains, and form strong intramolecular O · · · H−N (6-membered ring) and intermolecular N · · · H−O bonds. The protons involved in such strong hydrogen bonds undergo very large-amplitude vibrations 77 and can easily migrate between the O and N atoms. If this migration occurs in a concerted manner along the infinite chain, it may result in tautomerization (Scheme 3) and formation of 2H-TAA. When the infinite chains end (on crystal boundaries or crystal defects), the concerted hydrogen atoms migration is interrupted and terminal effects lead to partial decomposition of TAA. In this way, CO 2 and 5-MeT are formed. Of course, it can also happen that evaporated TAA monomers conserve the 1H-form characteristic of the crystal.
Once the 1H-or 2H-tautomer is in the gas phase, whichever is its initial conformation, it easily relaxes to its characteristic conformational equilibrium, because this process involves barriers no higher than 30 kJ mol −1 (see Figures 1-3 and 7) , that can be easily overcome at room temperature. 
CONCLUSIONS
The experimental and theoretical strategies followed in this work, allowed (i) the study of low-and high-energy conformers of 1H-and 2H-tautomeric forms of TAA, the latter (2pct and 1cct) being generated in situ upon narrowband selective irradiation of the most stable 2pcc and 1ccc conformers, (ii) to propose a mechanism for 1H → 2H tautomerization during sublimation of the compound (from the crystalline state containing exclusively the 1H-tautomer to the gaseous phase where a mixture of both tautomers exists), which can also explain the observation of decarboxylation of the compound upon moderate heating, and (iii) the investigation of both light-induced and spontaneous back conversion of the high-energy 2pct and 1cct forms of TAA into their low-energy counterparts, 2pcc and 1ccc.
According to the performed theoretical calculations, it was experimentally verified that only the most stable conformer of each tautomeric form of TAA was isolated in the cryogenic N 2 matrix from the gas phase. All the other low-energy conformers expected to exist in the room temperature gas phase equilibrium of TAA relax to the two experimentally observed forms during matrix deposition (conformational cooling). The theoretical predictions were based on the extensive analysis of the theoretical potential energy surfaces constructed for each TAA tautomer.
The isolated low-energy conformers (2pcc and 1ccc) were characterized from the vibrational point of view, and subsequently used as precursors for in situ generation of highenergy conformers (2pct and 1cct), which exhibit the carboxylic group in the trans orientation (i.e., the orientation of the OH group rotated by ∼180
• with respect to that assumed in the corresponding low-energy precursor conformer). The in situ production of the high-energy conformers of TAA was achieved by pumping the first overtone of the OH stretching mode of the precursor low-energy cis conformers, using near-IR narrowband selective irradiation. In the same way, the near-IR induced back-conversion of the trans conformers into their cis counterparts was achieved. Such peculiarity of the TAA molecule can be viewed as a 2 × 2 conformational system representing a two-bit optically controllable molecular switch. The spontaneous decay of the high-energy conformers of TAA in the dark, by tunneling, was also investigated, leading to relaxation times of 20-30 min for 2pct and more than an hour for 1cct.
Finally, an explanation for 1H → 2H tautomerization of TAA under the deposition conditions and simultaneous partial decomposition into 5-MeT and CO 2 , observed during our experiments, was presented, implying a concerted proton transfer (O · · · H · · · N) between vicinal TAA molecules along the molecular chains of the crystal, to form the 2H-TAA tautomer and generate CO 2 and 5-MeT at the crystal boundaries and crystal defects.
